A pH electrode incorporating a reference electrode different from that in conventional electrodes was applied to the measurement of rainwater pH. The reference electrode utilizes a recently proposed ionic liquid salt bridge instead of a conventional potassium chloride salt bridge. The response time of this electrode was remarkably improved in rain sample pH measurements compared to that of conventional pH electrodes. In addition, the measured pH values of rain samples seemed to be more accurate with this electrode.
Introduction
The acidification of rainwater by wet deposition or atmospheric precipitation is an environmental problem of global proportion, and the term "acid rain" is nowadays well known. 1 The value of pH represents the concentration of protons, which indicates the acidity of aqueous solutions such as environmental samples. The pH of rainwater samples is normally measured with a pH electrode based on potentiometry, similarly to those used with different classes of samples. However, rain samples are classified as one of the most difficult ones to measure with pH electrodes due to their low ionic strength and low buffer capacity. The electrode response becomes remarkably slow and unstable when these samples are measured, which means the pH measurement of rainwater samples requires a few minutes or longer.
In addition, the unstable response disturbs the reproducibility of the measurements. These problems originate mainly from the working principle of the reference electrode. The residual liquid junction potential generated in the reference electrode takes a long time to stabilize. Even when it becomes stable, it causes remarkable and non-reproducible bias errors in the pH values. In addition, leakage of the concentrated electrolyte solution (potassium chloride in commonly used pH electrodes) from the liquid junction elevates the activity of ions in the sample solution, thus changing the pH of the sample itself. In order to reduce these drawbacks, some alternative procedures have been proposed. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, even with these methods, the pH values obtained have large errors. Metcalf reported that the error in the measurement of a 50 μmol dm -3 H2SO4 solution, which is the model solution for acid rain, was 4.06 ± 0.05 using a conventional pH electrode. 10 Despite these disadvantages, this type of pH electrode is widely used because it is the only practical method available.
Recently, a different type of pH electrode that could solve the problems arising with current electrodes has been proposed. [16] [17] [18] [19] [20] [21] [22] [23] [24] This electrode utilizes a reference electrode based on a new type of salt bridge with a completely different working principle. The new salt bridge relies on the partition of an ionic liquid (IL) instead of the diffusion of a concentrated KCl solution. [16] [17] [18] This salt bridge (denoted as ILSB from now) can effectively eliminate the liquid junction potential generated in the reference electrode, even when the ionic strength of the sample solution is below 100 μmol dm -3 . [19] [20] 22 ILSB was incorporated to the reference electrode of a pH electrode and its superior performance was confirmed for 20 -200 μmol dm -3 H2SO4 solutions. The experimental pH values were in good agreement within 0.03 pH units of the theoretical pH values. 23, 24 In this work, the applicability of a pH electrode incorporating ILSB to the measurement of rainwater pH was assessed. A superior response, compared to the conventional electrode, was confirmed in terms of the deviation from theoretical pH values, the response time, and the elimination of any sample contamination.
Experimental

Reagents
A phthalate standard solution (0.05 mol kg -1 KHC8H4O4, pH = 4.008 ± 0.015 at 298 K) and a phosphate standard solution (0.025 mol kg -1 KH2PO4 + 0.025 mol kg -1 Na2HPO4, pH = 6.865 ± 0.015 at 25 C) were purchased from Nacalai Tesque. A 0.05 mol kg -1 citrate buffer solution (pH = 3.776 at 298 K) was prepared by dissolving 11.41 g of KH2C6H5O7 (Kishida Kagaku, 99%) in pure water and diluting it to 1.000 ± 0.0004 dm -3 . Sulfuric acid solutions at three different concentrations (20, 50, and 200 μmol dm -3 ) were prepared according to the procedure reported in a previous study. 23 The calculation of 2017 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: satoshi.nomura@horiba.com
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Rain samples
Rainwater samples were collected with a bulk sampler at Akita City or Hachimantai (Japan). The main ionic composition of the rainwater samples (cations: Na + , NH4
) was analyzed with an ion chromatograph (TOA ICA-5000) equipped with PCI-201S and PCI-301S columns after filtration of the samples through a 0.45 μm membrane filter cartridge (Advantec Dismic 25AS045AN). The ionic strength of the rainwater samples was determined from the total ionic composition.
Measurement procedure
A prototype pH electrode incorporating ILSB 24 (denoted as IL-E from now) and a commercially available pH electrode with a ceramic plug type liquid junction (9611-10D, Horiba, Ltd., denoted as KCl-E) was used.
Tributyl(2-methoxyethyl) phosphonium bis(pentafluoroethanesulfonyl)amide (TBMOEP-C2C2N) was used for ILSB incorporated in the IL-E.
KCl-E was calibrated with the phthalate standard solution and the phosphate standard solution. Due to the dissolution of hydrogen phthalate ions in the IL phase, a potential shift of a few mV was found when IL-E was calibrated with a phthalate standard solution. 21 Therefore, the 0.05 mol kg -1 citrate buffer solution (pH = 3.776 at 298 K) was used instead of the phthalate standard solution in case of IL-E. 23, 24 The pH was measured three times for 15 min at 298 ± 0.2 K for each sample. The average pH value obtained after 15 min, pH15, was defined as the experimental pH value for each solution. The value T0.01, defined as the time when the observed pH value became less than ±0.01 from pH15, was used to evaluate the response time of each pH electrode.
The electric conductivity (EC) of the samples was measured using a conductivity meter (DS-53, Horiba Ltd.).
Results and Discussion pH measurement of dilute H2SO4 solutions
The pH response in dilute sulfuric acid solutions was evaluated using both IL-E and KCl-E. Figure 1 shows the typical pH response curve obtained with a 50 μmol dm -3 H2SO4 solution. The readout of pH with IL-E stabilized in 30 s and large drifts were not observed, whereas that with KCl-E kept changing for the whole 15 min. Table 1 shows the pH15 and T0.01 values for each solution. The pH15 values obtained with IL-E are much closer to the theoretical pH values for the dilute sulfuric solutions than those obtained with KCl-E. This tendency is consistent with the results obtained in a previous evaluation of IL-E. 24 The larger pH values obtained with KCl-E are ascribed to the following two factors: i) the residual liquid junction potential at the contact of the concentrated KCl solution with the sample solution; and ii) an increase in the ionic strength of the sample solution due to leakage of the concentrated KCl solution from the liquid junction. The response stabilized much faster with IL-E ( Table 1) . These results indicate that more reliable and faster pH measurements can be carried out with IL-E. Figure 2 shows the dependence of the difference between pH15 and theoretical pH of the dilute sulfuric acid solutions (denoted as ΔpH below) on the ionic strength of the dilute sulfuric acid. ΔpH becomes larger as the ionic strength decreases in the case of KCl-E. The main reason for this tendency is that the residual liquid junction potential increases as the ionic strength of the solution decreases. On the other hand, ΔpH is almost the same regardless of the ionic strength in the case of IL-E, demonstrating that the effect of the residual junction potential has been eliminated. Figure 3 shows the change in the electric conductivity (EC) of dilute H2SO4 during pH measurement. With KCl-E, a significant increase in EC is observed due to leakage of the KCl solution from the reference electrode to the sample. On the other hand, such an increase is not observed in the case of IL-E. This result shows that pH changes due to increases in the ionic strength of the sample can be eliminated with IL-E, which is also the reason behind the constant ΔpH values using IL-E. Figure 4 shows the typical pH response curves obtained for rainwater samples using both IL-E and KCl-E. The faster and more stable responses were obtained with IL-E, as previously observed for dilute sulfuric acid solutions. Even for the sample with 45 μmol dm -3 ionic strength, an enhanced response was observed with IL-E, something that is impossible with KCl-E (Fig. 4(a) ). Table 2 lists the observed pH15 and T0.01 values measured with each pH electrode. The pH15 values are lower with IL-E than with KCl-E, as obtained for the dilute sulfuric acid solutions. The agreement between the trends for dilute sulfuric acid solutions and rainwater samples indicates that more accurate pH values are obtained with IL-E than with KCl-E. The difference in pH15 between KCl-E and IL-E (denoted as ΔpH15 below) was calculated and its dependence on the ionic strength was plotted (Fig. 5) . The dependence of ΔpH15 on the ionic strength of the samples is the same as that of ΔpH. This fact also supports that more accurate pH values are obtained with IL-E for rainwater samples.
pH measurement of rainwater samples
Significance for environmental monitoring and research
In this study, IL-E was applied to the pH measurement of rainwater. A faster and more stable electrode response with more accurate pH values, which is greatly advantageous in environmental monitoring, was confirmed. By comparing the T0.01 values in Table 2 , the measurement times are 60 s (sample No. 4) to 339 s (sample No. 2) shorter in the case of IL-E. This advantage becomes more significant when various samples are measured at a time, which is often the case in environmental monitoring. The stable response makes the timing of pH reading clearer, thus contributing to reduce the variation in pH values between operators.
More accurate pH values are important in environmental related research. In ecology, slight pH changes remarkably affect the fatality rate and life of fish. 25 Therefore, accurate pH values with an error within 0.1 are very important. In terms of environmental monitoring, the total cation content in rainwater On the other hand, despite the above advantages, further studies should still be carried out before IL-E is ready to substitute conventional pH electrodes for practical and routine rainwater monitoring and environmental research, as mentioned above. The composition of rainwater samples varies depending on the location and time of sampling. Dissolved organic matter such as fumic acid, which is often found in natural water, may interfere in the response of ILSB as does phthalate acid. In addition, from the practical and commercial points of view, the robustness of the electrode in these environmental samples must also be tested. Therefore, we will keep using IL-E in rain, river, and lake water samples and accumulate the data.
Besides the potential substitution of conventional electrodes with IL-E, the results shown in Figs. 2 and 5 are important for rainwater pH monitoring. This is because ΔpH and ΔpH15 values can be considered an important experimental verification of the bias errors in pH values measured with the present pH electrode. These values could also be utilized to compensate bias errors in pH values even if conventional pH electrodes continue to be used.
Conclusions
The applicability of IL-E to rainwater pH measurements was demonstrated. Both the response time and stability of IL-E were superior to those obtained with a conventional pH electrode. The pH values obtained with this electrode were found to be more accurate than those obtained by the conventional method. These advantages prove that IL-E has the potential to substitute conventional pH electrodes for rainwater monitoring and environmental research, such as in the limnology field.
